The sense of smell enables the detection and discrimination of airborne chemicals via 34 chemosensory receptors that have evolved independently multiple times throughout the 35 tree of life. In insects, the odorant receptor (OR) gene family is the major chemosensory 36 gene family involved in olfaction and its origin has been hypothesized to coincide with 37
Introduction 52 53
From bacteria to mammals, living organisms of all levels of complexity have evolved 54 chemosensory receptors to detect and discriminate chemicals in the environment 55 (Wuichet and Zhulin, 2010; Hansson and Stensmyr, 2011) . The largest metazoan gene 56 families for example encode tens to hundreds of odorant receptors (ORs) that interact 57 with volatile chemicals at the sensory periphery underlying the sense of smell (Sánchez-58 Gracia et al., 2009; Niimura et al., 2014) . OR gene families have evolved multiple times 59 throughout the metazoans, including independent origins in vertebrates, nematodes, and 60 insects (Hansson and Stensmyr, 2011) . In insects, the OR gene family evolved from 61 within the ancestral gustatory receptor (GR) gene family (Scott et al., 2001; Robertson et al., 2003) that extends back to ancient metazoan lineages (Robertson, 2015; Saina et al., 63 2015; Eyun et al., 2017) . ORs are absent from non-insect arthropod genomes (Peñalva-64 Arana et al., 2009; Almeida et al., 2015; Gulia-Nuss et al., 2016; Ngoc et al., 2016; Eyun 65 et al., 2017) , and have been hypothesized to have evolved concomitant with the evolution 66 of terrestriality in hexapods (Robertson et al., 2003) . 67
68
The lack of molecular resources for early branching hexapod and insect lineages has 69 prevented the precise dating of the origin of insect ORs. Only recently, whole-genome 70 sequencing efforts suggested that ORs are absent in non-insect hexapods such as 71
Collembola (Wu et al., 2017) but present in early branching pterygote insects such as 72 damselflies (Odonata; Ioannidis et al., 2017) . Efforts to understand more precisely the 73 origin of the OR gene family within hexapods were greatly advanced by the findings of 74 Missbach et al. (2014) who sequenced transcriptomes of the chemosensory organs of two 75 apterygote insects, the bristletail Lepismachilis y-signata (Archaeognatha) and the 76 firebrat Thermobia domestica (Zygentoma). They identified three ORs in the firebrat, 77 which they named TdomOrco1-3, with apparent similarity to the neopteran odorant 78 receptor co-receptor (Orco; Vosshall and Hansson, 2011) . Orco is a highly conserved 79 single-copy gene present in all other insects studied to date and encodes a protein that is a 80 partner with each of the other "specific" ORs (Benton et al., 2006) which is required for 81 OR-based olfaction in insects (Larsson et al., 2004) . In contrast, Missbach et al. (2014) 82 could not find ORs or Orco relatives in their bristletail transcriptome, instead finding only 83 members of the ionotropic receptor (IR) gene family. Given evidence that IRs serve 84 olfactory roles in terrestrial crustaceans and insects (Rytz et al., 2013; Groh-Lunow et al., 85 2015; Rimal and Lee, 2018) , they argued that olfaction in early-branching terrestrial 86 hexapods and apterygote insects is entirely IR-dependent, with Orco evolving as ancestral 87 OR from the GR lineage between the Archaeognatha and Zygentoma. Based on these 88 findings, Missbach et al. (2014) suggested that the Orco/OR system evolved together 89 with flight in pterygote insects and left off with the observation that "the existence of 90 three Orco types remains mysterious". 91
Recently, phylogenetic analysis of the OR gene family of the damselfly Calopteryx 93 splendens suggested that at least one of the three Orco-like ORs from T. domestica, 94
TdomOrco3, might be a specific OR instead of an Orco (Ioannidis et al., 2017) . If this is 95 correct, then the entire Orco/OR system evolved before winged insects, which would 96 explain the "mystery" of three apparent Orco types in Zygentoma. In an effort to identify 97 the origin of the insect OR gene family and the Orco/OR system, we investigated the 98 genome sequences of species belonging to multiple ancient terrestrial hexapod and insect 99 orders, including Collembola (springtails), Diplura (two-pronged bristletails), 100
Archaeognatha (jumping bristletails), Zygentoma (silverfish and firebrats), Odonata 101 (damselflies and dragonflies), and Ephemeroptera (mayflies). Tables S2 and  111   S3 ). These included one species of each of the earliest branching insect lineages, the 112 Archeognatha, Zygentoma, Ephemeroptera, and Odonata (Misof et al., 20014) . 113
Accordingly, ORs were likely present in the ancestor of all insects but absent from all 114 non-insect hexapod lineages. This suggests that the origin of the OR gene family 115 coincided with the evolution of insects. Thus, our analysis does not support the 116 hypothesis that ORs evolved with the evolution of winged flight in insects (Missbach et 117 al., 2014) but is compatible with the hypothesis that they evolved with terrestriality in 118 insects (Robertson et al. 2003) . Terrestrial hexapod lineages without ORs (i.e. Diplura 119 and Collembola) are confined to highly humid environments including moist soil and 120 leaf-litter. This is analogous to terrestrial crustaceans, which evolved OR-independent 121 modified sensory systems allowing the detection of airborne odors on land (Stensmyr et 122 al., 2005; Hansson et al., 2010) . While terrestrial crustaceans employ the same olfactory gene-families as their marine ancestors in combination with anatomical adaptations to 124 terrestrial olfaction, their sense of smell is highly dependent on humidity (Krång et al., 125 2012) . Although the molecular and physiological basis of dipluran and collembolan 126 olfaction is unexplored, they are known to have a highly sensitive sense of smell used in 127 pheromone communication and foraging behavior (Verhoef et al., 1977; Purrington et al., 128 1991; Staaden et al., 2011) . It is thus possible that ORs evolved as an adaptation to a 129 terrestrial lifestyle outside ancestrally humid environments in insects. ORs in head lice (Kirkness et al., 2010) to more than 300 ORs in ants (Smith et al., 2011a; .
141
The Thermobia domestica genome harbors a full Orco/OR gene family repertoire 142 143 With the exception of the Zygentoma, all lineages analyzed had genome data either 144 published (Faddeeva-Vakhrusheva et al., 2016; Wu et al., 2017) or available from 145 the i5k Pilot Project from the Baylor College of Medicine at the i5k NAL Workspace 146 (Poelchau et al., 2015) . To complete taxon sampling of early branching hexapod and 147 insect lineages, we produced a draft genome assembly for T. domestica (Supplemental 148 Material; Figure S1 ; Table S1 ). This enabled direct comparison to Missbach et al. (2014) and revealed that the T. domestica genome encodes far more than the three Orco-like OR 150 proteins. Our manual annotation revealed 43 ORs encoded by 31 genes including the 151 three previously identified genes (TdomOrco1-3; Missbach et al., 2014) . Four genes are 152 modeled as exhibiting alternative splicing leading to the additional protein isoforms 153 (Supplemental Material). We used the antennal transcriptome of Missbach et al. (2014) 154 for support of intron-exon boundaries, however only a few transcriptome reads mapped 155 to the "specific" OR genes (Table S2) 
